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Programmed Cell Death during Fiber Cell Development 
in Phyllostachys edulis (Poaceae) Culm 


GAN Xiao-Hong', DING Yu-Long’ 
(1 Key Laboratory of Southwest China Wildlife Resources Conservation (Ministry of Education) , 
China West Normal University, Nanchong 637009, China; 2 Bamboo Research Institute , 


Nanjing Forestry University , Nanjing 210037, China) 


Abstract: Programmed cell death during fiber cell development in Phyllostachys edulis culms was studied by 
using the TUNEL assay, and the cytological and cytochemical methods. At the early stage of secondary wall 
formation, the morphological features of PCD such as chromatin agglutination, organelle swelling, and the 
tonoplast disintegration and cytoplasm vacuolation were investigated in fiber cells. Positive signals by 
TUNEL assay could be also detected which evidenced the nDNA fragmentation. Mg’* -ATPase activity was 
examined on the cleavage tonoplast, disintegrated cytoplasm and agglutinated chromatin of fiber cells at that 
time. The level of Ca?™ in fiber cytoplasm would increase with secondary wall formation, and Ca** would be 
congregated densely. APase was sparsely localized on the nuclear chromatin during primary wall formation, 
but it was densely aggregated at the late stage. With the continual thickening of secondary wall, the cleavage 
cytoplasm and agglutinated chromatin with the activity of Mg’* -ATPase and APase in fiber cells were persis- 
tent for many years, and Ca? was also detected in these structures. The results showed that secondary wall 
formation of fiber in P. edulis culm was an active autophagic PCD, and the aggregation of Ca’* in cytoplasm 


during secondary wall formation and APase densely localized on the nuclear chromatin during late primary 
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wall formation, were correlated to the occurrence of fiber PCD. Mg’*-ATPase, Ca’* and APase were all in- 


volved in the disintegration of fiber protoplast during PCD. 


Key words: Fiber cell; Phyllostachys edulis ; Programmed cell death; Ultrastructure; Ultracytochemistry 


Bamboos are economically important plants 
with innumerous uses such as making furniture, 
construction, pulp and paper, and other indus- 
tries. As one of important components of bam- 
boo culms, the structure and properties of fiber 
have a decisive impact on the property of bam- 
boo culms, and in turn, dramatically influence 
culm utilization (Gan and Ding, 2005). Several 
investigations have dealt with the morphology, 
chemical components and tissue ratio of fibers, 
which correlate to the strength of the culm and its 
pulping properties (Shigematsu, 1940; Ghosh and 
Negi, 1959; Liese and Grosser, 1972; Espiloy, 
1987; Abd. Latif, 1995), and the fine structure 
of bamboo fibers had also been investigated in 
detail (Tono and Ono, 1962; Parameswaran and 
Liese, 1976, 1980; Fujii, 1985). The succes- 
sive development of bamboo fiber cells could be 
divided into three stages: formation of fiber ini- 
tials, primary wall and secondary wall. The 
multilamellate structure and thickening of fiber 
cell wall were observed with the development of 
a culm and further ageing (Murphy and Alvin, 
1992; Liese and Weiner, 1996; Gan and Ding, 
2005). The plasmolysis and apoptotic bodies in- 
vestigated during early secondary wall formation 
of fiber cell in Phyllostachys edulis culm, re- 
vealed the occurrence of programmed cell death 
(PCD) (He et al., 2000). 

PCD is considered as an integral part of de- 
velopment in plants. Such an inbuilt death pro- 
gramme is triggered in response to internal or 
external signals, and plays an important role in 
plant normal development, such as terminal dif- 
ferentiation of tracheary elements and lysigenous 
aerenchyma formation (McCann et al., 2000; 
van Doorn and Woltering, 2005; Gunawardena, 
2008), senescence of peripheral rootcap cells 
(Zhu and Rost, 2000) and leaves (Cao et al., 
2003; Gunawardena et al., 2007). PCD is often 


associated with the occurrence of specific bio- 
chemical and morphological features such as 
condensation of the nucleus and cytoplasm, 
fragmentation of nuclear DNA (nDNA) (Cao et 
al., 2003; Gunawardena et al., 2005). Where- 
ins nDNA fragmentation is the hallmark of 
PCD, which can be detected by the TUNEL as- 
say (Groover et al., 1997). No is known about 
the changes of nDNA during fiber cell secondary 
wall formation or fiber PCD so far. 

In plants, as in animals, PCD is an energy 
dependent process. Plant cell undergoing PCD is 
an active participant in its own demise ( “cellular 
suicide”). ATP is an essential energy currency 
in nature and its role in cellular metabolism is 
well established, and ATPase plays a key role in 
the energy release during these processes (Cui, 
1997). By using the cytochemical localization of 
ATPase, the cell components actively participat- 
ing in plant cell metabolism and ontogeny could 
be detected (Wang et al., 2000). Nothing is 
known about the dynamic changes of ATPase ac- 
tivity during development of bamboo fibers. 

APase (Acid phosphatase) is a non-specific 
hydrolytic enzymes essential to phosphate es- 
ters, carbohydrate and phosphate metabolism, 
and important for phosphorus scavenging and re- 
mobilization in plants (Darleen et al., 1989; 
Cashikar et al., 1997). Massive evidences dem- 
onstrate that APase has crucial roles in metabo- 
lism of cell wall, intercellular nutrient transpor- 
tation and phosphate transfer reaction (Tian and 
Shen, 1994; Wang et al., 1999; Ibrahim et al., 
2002; Ferten et al., 2003). During secondary xy- 
lem differentiation, APase was reported to play 
functions in PCD by Wang et al. (1999). 

As an important second messenger in 
plants. calcium played important roles during 
the growth and development of plant, such as 


cell division, cell wall formation and polarity 
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growth, as well as PCD (White and Broadley, 
2003). During the differentiation of tracheary el- 
ements, Ca’ participated in the PCD and thick- 
ening of cell wall (Groover and Jones, 1999). 
Little is known about the functions of Ca’ on fi- 
ber PCD. 

The aim of the study was to improve the 
understanding of fiber PCD in bamboo culms. 
Three specific questions were answered by using 
different methodology such as TUNEL (termi- 
nal deoxynucleotidyl transferased UTP nick end 
labeling) assay, cytological and cytochemical 
methods: (1) Did fiber PCD occur accompanying 
with secondary wall formation of fiber cell? (2) 
What was the reason resulting in fiber PCD during 
secondary wall formation? (3) What roles did AT- 
Pase , Ca** and APase played in fiber PCD? 


Materials and Methods 


Plant material 

Young shoots and culms of 1 to 8-year-old Phyl- 
lostachys edulis Mazel ex H. de Leh. were harvested in 
May 2003 at the Bamboo Garden of Nanjing Forestry Uni- 
versity. Young shoots with the heights of 60 cm, 80 cm, 
120 cm and 700 cm were collected, and all samples from 
the middle part of the culm wall were taken as the method 
by Gan and Ding (2005). 
Light microscopy and TUNEL assay 

The blocks were fixed in 2% glutaraldehyde in 0. 02 
millimole (mM) sodium cacodylate buffer (pH 7.0) for 4 
h at room temperature, dehydrated in a graded ethanol se- 
ries, and embedded in Technovit 7100 resin, Continued 
sample sections (5 pm in thickness) mounted on glass 
slides were first examined and photographed under an O- 
lympus BH-2 polarizing microscope, then treated with the 
in situ Cell Death Detection Kit AP according to the man- 
ufacturer’s instructions (Roche, Germany). For positive 
control, DNase | (grade |, 0.5 mg * ml! in 50 mM 
Tris-HCl, pH 7.5, 1 mg* ml! BSA) was added before 
TUNEL reaction mixture for 10 min at room temperature 
to induce DNA strand breaks. The negative control was 
conducted by similar incubations in the absence of TdT. 
Samples were counter-stained with 0.5% methyl green 
for 30 s. 
Transmission electron microscopy 


Samples were prefixed for 2 hours in 0.025 mols L’ 


phosphate buffer solution (pH 7.0) containing 4% (v/v) 
glutaraldehyde in the case of young shoots and 1-year-old 
culm, or 6% (v/v) glutaraldehyde in the case of 2 to 8- 
year-old culms. After washing with the same buffer, the 
samples were post-fixed in 1% OsO, (also in the same 
buffer). Followed by a further washing with the buffer, 
the specimens were dehydrated in a graded ethanol series 
and embedded in Epon812 resin. After cutting with a dia- 
mond knife on a LKB-V ultramicrotome, ultrathin sec- 
tions were stained with saturated aqueous uranyl acetate 
for 5 min, followed by staining with lead citrate for 5 
min. All sections were examined and photographed with 
an H-600 (Hitachi, Tokyo, Japan) transmission electron 
microscope (TEM). 

Ultracytochemical localization of Mg?* -ATPase 

Following prefixation in a mixture of 4% paraformal- 
dehyde and 2.5% glutaraldehyde, the samples were trea- 
ted as the method by Wang et al. (2000). The control 
specimens were dealt without substrate, or with substrate 
in the presence of 10 mM sodium fluoride (NaF). Made 
with LKB-V ultramicrotome, ultrathin sections of control 
material were stained with uranyl acetate, but experimen- 
tal samples no stained. All sections were observed and 
photographed using an H-600 TEM. 

Ultracytochemical localization of Ca?* 

After pre-fixed in a mixture of 2% potassium py- 
roantimonate and 2.5% glutaraldehyde in 0.1 mM sodi- 
um cacodylate buffer (pH 7.1) for 3 h at 4C, the sam- 
ples were washed with the same buffer, and then post- 
fixed in a mixture of 2% potassium pyroantimonate and 
1% OsO, in the same buffer. Followed by a further 
washing with the redistilled water for 4 times, the speci- 
mens were washed with the redistilled water (pH 7. 6) for 
2 times. Afterwards, all specimens were dehydrated in a 
graded ethanol series and embedded in Epon812 resin. 
The ultrathin sections were made with LKB-V ultramic- 
rotome, and stained with uranyl acrtate. All sections 
were observed and photographed using an H-600 TEM. 

The treatment of control samples: after examined 
with an H-600 TEM, the ultrathin sections congregated 
with calcium pyroantimonate were treated in 100 mM 
EGTA (ethylene glycol tetraacetic acid) (pH 8. 0) for 0. 5 
—1h at 60°C. Then these sections were observed and 
photographed with an H-600 TEM. 

Ultracytochemical localization of APase 

After pre-fixed in a mixture of 4% paraformaldehyde 
and 2.5% glutaraldehyde in 0.05 mM sodium cacodylate 
buffer (pH 7. 2) for 2 h at 4°C,, the samples were washed 
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in the same buffer at 4°C for 1.5 h, and were dissected in- Results 


to slices of about 0.5 mm in thickness in the buffer, and 
then rinsed with 0.05 mM Tris-maleate buffer (pH 5.0) 
for 1.5 h prior to enzyme reaction. 

The enzyme reaction procedure was performed fol- 
lowing the method by Wang et al. (1999). The speci- 
mens were incubated in a complete reaction medium (50 
mM Tris-maleate buffer, pH 5.0, 3.6 mM Pb (NO;): 
and 10 mM sodium B-glycerophosphate) at 37°C for 2 h. 
The control specimens were respectively incubated in the 
same medium but without substrate, or with substrate in 
the presence of 10 mM sodium fluoride (NaF). After in- 
cubation, all specimens were rinsed with 0.05 mM Tris- 
maleate buffer (pH 5.2) for 1.5 h at 4°C, and then 
rinsed with 0.05 mM sodium cacodylate (pH 7. 2) buffer 
for 1.5 h at the same temperature. Following this, these 
samples were fixed at 4°C with 1% osmium tetroxide in 
the same buffer overnight. Then all specimens were de- 
hydrated stepwise in an acetone series at 4°C. Specimens 
were embedded in Epon 812. Ultrathin sections of control 
specimens were stained with uranyl acetate, while others 
All sections were viewed and photographed 
with an H-600 TEM. 


were not, 





Light microscopy and TUNEL assay 

The fiber cap (vascular strands sheath), vessel 
elements (protoxylem vessel and metaxylem vessel) 
and phloem were easily distinguished with the light 
microscopy (Fig. 1: a). Locations of secondary cell 
wall are visible under the polarizing microscope: sec- 
ondary cell wall is strongly anisotropic and shows 
substantial double refraction and appears bright in po- 
larized light (Esau, 1977). In the middle part of 
shoot with the height of 60 cm, vessel elements and 
sieve tube were visible in the vascular strands due to 
the abrupt increase in wall brightness. while fibers in 
fiber cap were invisible (Fig. 1: b). At the present 
time, the fibers were not labeled by TUNEL assay 
(Fig. 1: c). In the lower part of the same shoot, fiber 
wall was visible under polarized microscope (Fig. 1: 
d), and positive signals of TUNEL assay (indicated 
by purple staining ) was detected in the fibers (Fig. 1: 
e). In negative control sections, no TUNEL-positive 


reaction were detected in the fiber nuclei (Fig. 1: Ð. 
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Fig. 1 a: the vascular bundle with lignified fiber cap in P. edulis shoot with the height of 700 cm, TS; b-f: the microscopy 


of shoots with the heights of 60 cm; b: the fibers cell wall were invisible in the middle part of shoot under polarizing micro- 


scope which indicated the developmental stage of primary cell wall formation, TS; c: the fibers in the middle part of shoot 


were not labeled by TUNEL assay, LS; d: the fiber cell wall in the lower part of young shoot was visible due to the abrupt 


increase in wall brightness. which indicated the developmental stage of secondary cell wall formation, TS; e; TUNEL assay 


revealed positive signals (purple staining, arrowhead) in the fibers in the lower part of shoot, LS; f: the negative control, 


showing no TUNEL positive signal in fibers in the lower part of shoot, LS. Bar=10 pm. Abbreviations; F; fiber; FC; fiber 


cap; MV: metaxylem vessel; Ph: phloem; PV: protoxylem vessel; LS: longitudinal section; TS: transverse section 
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Transmission electron microscope assay during 
secondary wall formation of fibers 

Early, fiber cell wall thickened billowingly, 
and intact double karyotheca remained in fiber nu- 
cleus, wherein chromatin commenced to agglutina- 
tion and nucleolus disappeared. However, some or- 
ganelles such as mitochondrion and rough endoplas- 
mic reticulum and Golgi bodies remained in these 
cells (Fig. 2: a). With continual thickening of 
secondary wall, fiber organelles including mito- 
chondrion and rough endoplasmic reticulum 
gradually swelled and disintegrated (Fig. 2: b). 
Afterwards, fiber cytoplasm gradually vacuo- 
lated, and double karyotheca of nucleus disap- 
peared (Fig. 2: c). Nevertheless, plasma mem- 
brane, plasmodesmata and nucleus with the ag- 
glutinated chromatin remained in the fiber cells 
of 6-year-old culms (Fig. 2: f). Along with sec- 
ondary wall formation, fiber cell wall underwent 


continual thickening, and polylaminate struc- 





tures arranged in regular alteration of broad and 
narrow lamellae appeared (Fig. 2; d-e). 
The dynamic changes of Mg’ -ATPase during sec- 
ondary wall formation of fiber cells 

Early, Mg -ATPase activity was detected 
on the plasma membrane, tonoplast, nucleus, 
pits and plasmodesmata and mitochondrion 
(Fig. 3: a-b). Afterwards, Mg’-ATPase was 
examined on the annulate lamella and the agglu- 
tinated chromatin (Fig. 3; c). With continual 
thickening of secondary cell wall, the activity of 
Mg -ATPase in agglutinated chromatin would 
increase (Fig.3: e), and Mg*-ATPase were 
densely localized on the disintegrated tonoplast 
(Fig.3: d) and in the vacuolated cytoplasm 
(Fig. 3: Ð. During fiber cell secondary wall forma- 
tion, Mg’-ATPase remained on the plasma mem- 
brane, transfer vesicles in pit channels and plas- 
modesmata and cytoplasm remnants. The activity 


of Mg*-ATPase on the agglutinated chromatin 








f 


Fig. 2 The ultrastructural modifications of fiber cells during secondary wall formation. a: the fiber cell at the early stage of 


secondary wall formation, showing billowingly thickening of cell wall, chromatin commenced to agglutination and some or- 


ganelles remained in the cells, TS; b: ultrastructure of fiber cell in bamboo shoot, showing the agglutinated chromatin, dis- 


integrated mitochondrion and transfer vesicles, TS; c; showing the vacuolated cytoplasm and agglutinated chromatin of a fi- 


ber cell in one-year-old culm, TS; d: fiber cells in two-year-old culm, showing the thickening secondary wall of fiber cells 


and the plasmodesmata (arrow) between fibers, TS; e: the fibers in four-year-old culm, showing polylaminate structures of 





fiber secondary wall and the plasmodesmata (arrow) between fiber cells, TS; f: showing the agglutinated chromatin of a fi- 





ber cell in six-year-old culm, TS. Bar=1 pm. Abbreviations: G; Golgi bodies; M: mitochondrion; N: nucleus; PC: paren- 


chyma cell; SW: secondary cell wall; TV: transfer vesicle; TS see Fig. 1 
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Fig. 3 Dynamic changes of Mg? *-ATPase in the fibers during secondary wall formation. a-b: fiber cells at the early stage 


of secondary wall formation; a: showing the distribution of Mg?+ -ATPase on the plasma membrane, tonoplast and the 


plasmodesmata (arrow), TS; b: showing Mg’** -ATPase aggregated in mitochondrion and nucleus and on the plasma mem- 


brane, TS; c: showing Mg**-ATPase localized on the annulate lamella (star) and agglutinated chromatin in the fiber cells, 


TS; d: showing dense Mg?*-ATPase distributed on the disintegrated tonoplast (arrow) and plasma membrane, TS; e: 


showing the distribution of Mg’?*-ATPase on the plasmodesmata (arrow) and agglutinated chromatin of fibers in 1-year-old 


culm, TS; f: showing the distribution of Mg?*-ATPase on the vacuolated cytoplasm (star) of fiber cells in 2-year-old 


culm, TS; g-h: a fiber cell in 6-year-old culm; g: showing the plasma membrane and agglutinated chromatin with Mg 


a+ _ 





ATPase activity, TS; h: showing the plasmodesmata (arrow) with Mg?" -ATPase activity between fiber cells, TS; i: 


2+ 


showing little Mg’ 


-ATPase detected on the fiber cells in the control specimen with substrate in the presence of 10 mM so- 


dium fluoride (NaF), TS. Bar=1 pm. Abbreviations: Ch: chromatin; M; mitochondrion; N: nucleus; Nu: nucleolus; P; 


plasma membrane; SW: secondary wall; V: vacuole; TS see Fig. 1 


would increase with aging (Fig. 3: g-h). 

Little Mg” -ATPase activity was detected in 
the control specimens (Fig. 3: i), which demon- 
strated that the results above were credible. 

The dynamic changes of Ca” during fiber development 

During fiber initials formation, Ca” mainly 
distributed on the cell wall (Fig. 4; a). During 
early primary wall formation, Ca’” sparsely ap- 
peared in the inner side of tonoplast in fiber 
cells, and some was also examined in phagosome 


and vacuole (Fig. 4: b). Afterwards, the level 


of Ca’* in vacuole increase, but little was seen in 
nucleus and cell wall (Fig.4: c). At the late 
stage, massive Ca’ assembled in the cyto- 
plasm, but the level of Ca’* in vacuole de- 
creased, and Ca’* disappeared in cell wall and 
nucleus (Fig. 4: d). With the formation of sec- 
ondary wall. the level of Ca’” in fiber cell cyto- 
plasm gradually increased (Fig. 4; e), and then 
Ca’* densely congregated in fiber cell cytoplasm 
(Fig. 4: f). During secondary wall formation, 


Ca’* remained in the disintegrated cytoplasm, 
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agglutinated chromatin, and pit channel and 
transfer vesicles for many years (Fig. 4; g-h). 
The reaction granules of Ca** disappeared 
in the fiber cell of the control specimens (Fig. 4: 
i), which indicated that the results above were 
credible. 
The dynamic changes of APase during the process 
of fiber development 
During early primary wall formation, the 
APase activity was examined on the plasma 


membrane, tonoplast, karyotheca and nuclear 


chromatin in fiber cells (Fig. 5; a-b). At the late 
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stage, APase was aggregated on the nuclear 
chromatin of fiber cells, and some remained on 
the plasma membrane, tonoplast and vacuolated 
cytoplasm in fiber cells (Fig. 5: c-d). With the 
formation of fiber secondary wall, APase was 
deposited on the plasma membrane, the disinte- 
grated cytoplasm, mitochondrion, and tonoplast 
and the agglutinated chromatin (Fig. 5: e-f). A- 
long with the continual thickening of secondary 
wall, APase remained on the plasma membrane, 
plasmodesmata, plasma membrane invagination 


and transfer vesicles and agglutinated chromatin 





Fig. 4 Dynamic changes of Ca?™ in the fiber cells during development. a: fiber initial cells, showing Ca?* localized in the 
cell wall (arrow). TS; b-e: fiber cells during primary wall formation. LS; b: showing the distribution of Ca?~ in the disinte- 
grated cytoplasm (arrow) in vacuole and on the fiber cell wall; c: showing massive Ca?* accumulated in vacuole and some 
appeared in the inner side of tonoplast (arrow); d: showing the level of Ca?* in vacuole decreased and some assembled in the 
cytoplasm (arrowhead); e: showing the level of Ca?™ in cytoplasm increased (big arrowhead) and some distributed in the in- 
ner side of tonoplast (small arrowhead); f: showing Ca?* congregated densely in fiber cell cytoplasm (arrowhead) at the 
early stage of secondary wall formation, TS; g-h; fiber cells in 4-year-old culm, LS; g: showing Ca?* remained in the disin- 
tegrated cytoplasm (small arrowhead) and agglutinated chromatin (big arrowhead) of fiber cells; h: showing Ca?™ detected 
in the vacuolated cytoplasm; i; showing the reaction granule of Ca?* disappeared in the fiber cell of the control specimens. 


TS. Bar=1 pm. Abbreviations: Ch: chromatin; FI; fiber initial cell; M; mitochondrion; N; nucleus; Nu: nucleolus; PC: 


parenchyma cell; PW: primary wall; SW: secondary wall; V: vacuole; LS, TS see Fig. 1 
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Fig. 5 Dynamic changes of APase during fiber development. a; fiber cells at the early stage of primary wall formation, 


showing APase distributed on the plasma membrane, tonoplast, karyotheca and nuclear chromatin, LS; b: fiber cells dur- 


ing primary wall formation, showing APase localized on the plasma membrane, tonoplast, chromatin and disintegrated pro- 


toplast in vacuole (arrow). LS; c-d, fiber cells at the late stage of primary wall formation; c: showing APase congregated 


in the vacuolated cytoplasm (star) and transfer vesicle (arrow) in vacuole, LS; d: showing APase detected in the nuclear 


chromatin; e-f, fiber cells at the early stage of secondary wall formation, LS; e: showing the distribution of APase in the 


agglutinated chromatin. plasma membrane and the vacuolated cytoplasm (star), LS; f: showing APase distributed on the 


plasma membrane, vacuolated cytoplasm (star), mitochondrin and disintegrated tonoplast (arrowhead), LS; g: the fibers 


in 4-year-old culm, showing APase localized on plasma membrane (arrowhead) and transfer vesicle, LS; h: fiber cells in 6- 


year-old culm, showing APase remained in agglutinated chromatin and plasmodesmata between fibers (arrow), LS; i: 


showing little APase detected on the fiber cells in the control specimen with substrate in the presence of 10 mM sodium flu- 


oride (NaF), LS. Bar=1 um. Abbreviations; M: mitochondrion; N: nucleus; Nu: nucleolus; PW: primary wall; SW: 


secondary wall; TV: transfer vesicle; V: vacuole; LS see Fig. 1 


of fiber for many years (Fig. 5: g-h). 
Little APase was detected in the fiber cell of 
the control specimens (Fig. 5: i), which indica- 


ted that the results above were credible. 


Discussion 

At the early stage, the fiber cells in P. edulis 
culms displayed cytological changes such as chroma- 
tin agglutination, organelle swelling, tonoplast 


disintegration and cytoplasm cleavage, which in- 


dicated the in situ autolysis of fiber cell proto- 
plasts, and the typical morphological features of 
PCD (Wang et al., 1999; Fukuda, 2000; An- 
drea et al., 2008). Along with the PCD, the 
cell wall underwent continual thickening with 
aging, and the poly-laminate structure of the cell 
wall in alternate arrangement of narrow and 
broad lamellae also formed gradually. The ultra- 
structural changes evidenced that secondary wall 


formation of fiber cell accompanied with the 
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PCD. The disintegrated protoplasts due to PCD 
was not be absorbed by surrounding cells as re- 
ported by Jones (2001), but was used to build 
its cell wall like tracheary elements (Fukuda, 
2000; Cui, 2000). 

TUNEL assay was performed with the aim 
of understanding specific degradation of nucleus 
(Mittler and Lam, 1995). During primary wall 
formation, fiber cells were not labeled by 
TUNEL assay, but positive signals (indicated 
by purple staining) could be detected in the fiber 
cells during early secondary wall formation, 
which revealed the DNA degradation accompan- 
ying with secondary wall formation. 

During secondary wall formation, Mg” -AT- 
Pase remained in nuclear chromatin of fiber cells in 
P. edulis culms, and would gradually increase with 
further agglutinating of chromatin. Besides, dense 
Mg’*-ATPase was detected in multi-vesicle 
bodies and disintegrated tonoplast. Generally, 
Mg’*-ATPase in nucleus during plant normal 
development played important roles in the for- 
mation and stabilization of physiological space 
between nucleosomes, and Mg’’ -ATPase activi- 
ty was examined on the nuclear chromatin in 
cells with active metabolism. Moreover, Mg’” - 
ATPase localized in nuclear chromatin during 
PCD correlated to the condensation and rupture 
of chromatin (Tian and Shen, 1996). The dy- 
namic changes of Mg?’ -ATPase on nuclear chro- 
matin showed that nuclear chromatin of fiber 
cells actively participated in secondary wall for- 
mation. The hydrolization of Mg’* -ATPase in 
nuclear chromatin during fiber PCD could pro- 
vide energy for accelerating the condensation and 
rupture of chromatin, which resulted in nDNA 
degeneration (Andrea et al., 2008). In like 
manner, Mg’’ -ATPase localized in disintegrated 
cytoplasm and multi-vesicle bodies of fiber cells, 
could be involved in the autolysis of protoplasts, 
and provided substance for secondary wall for- 
mation, 


In summary, all evidences including cytolo- 


gy, cytochemistry and TUNEL assay, validated 
that fiber cell secondary wall formation in 
P. edulis culms was an active PCD. The persist- 
ence of plasma membrane and agglutinated nu- 
cleus with Mg’**-ATPase activity during PCD 
showed that fiber PCD would keep for a long 
time until the removal of fiber cell nucleus. 

In plants, PCD during normal development 
has been subdivided into two categories: that is, 
apoptotic PCD and autophagic PCD involving the 
early disruption of the vacuole (Bursch, 2001; 
Bras et al., 2005). Apoptotic PCD in plants is 
rapid, beginning with the degradation of the nu- 
cleus and subsequent incomplete breakdown of 
cellular organelles, and the cytoplasmic shrink- 
age and plasmolysis are its typical features. 
Plant cells during autophagic PCD appeared to 
be predisposed for quick autolysis, for example, 
there was an enzymatic apparatus ready to medi- 
ate quick specific DNA cleavage triggered by ei- 
ther rapid accidental vacuole disintegration or 
programmed vacuolar collapse (Hatsugai et al., 
2004; Andrea et al., 2008), and the typical cy- 
tological changes of autophagic PCD is charac- 
terized by the cytoplasmic vacuolation (Bras et 
al., 2005). Based on the occurrence of plasmoly- 
sis and apoptotic bodies, He et al. (2000) con- 
sidered that the PCD of fiber cell in P. edulis 
culms occurred during early secondary wall for- 
mation. As in this study, no plasmolysis and 
apoptotic bodies were detected during fiber de- 
velopment, but the nuclear chromatin agglutina- 
tion and cytoplasmic vacuolation were examined 
during the process, which indicated the charac- 
teristics of autophagic PCD. 

The role of Ca*+ during fiber PCD 

In plant cell, calcium may stimulate the calci- 
um-dependent endonuclease and induce DNA de- 
composition (Xu and Hanson, 2000). Increase in 
calcium concentration is characteristic of PCD (Qiu 
et al., 2005). Generally, the increase of Ca’™ in cy- 
toplasm can activate a series of Ca’* -dependent 


hydrolase for the disintegration of cytoplasm and 
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nucleus, and then ATP-dependent intake system 
of Ca’* on karyotheca is also activated resulting 
in the increase of the level of Ca’* in nucleus. 
The inflow of Ca?” in cytoplasm contributes to 
the disintegration of tonoplast and the cease of 
cytoplasm stream, thereby initiates cell death 
(Groover and Jones, 1999). According to our 
investigation, the increase of Ca’™ level in cyto- 
plasm coincided with the fiber PCD. which im- 
plied that the increased Ca’* in cytoplasm resul- 
ted in the disintegration of tonoplast and the re- 
lease of nuclease, and eventually initiated fiber 
PCD. During fiber PCD in P. edulis culms, the 
persistence of Ca’* in nucleus could play impor- 
tant roles in chromatin agglutination and DNA 
degradation. 
The role of APase during fiber PCD 

During primary wall formation, APase activity 
was detected on the nuclear chromatin of fiber cells 
in P. edulis culms, and would increase at the late 
stage followed by the occurrence of fiber PCD. The 
developmental process of fiber cell is a continuous 
process, which included three stages; that is, the 
formation of fiber initials, primary wall and second- 
ary wall (He et al., 2000; Gan and Ding, 
2005). Cui (1997) held that the late stage of 
primary wall formation may be critical to fiber 
differentiation and development. Dense APase 
localized on the chromatin at the critical stage of 
fiber differentiation indicated that APase was ev- 
idently correlated to the occurrence of PCD. 
During secondary wall formation, APase re- 
mained on the agglutinated chromatin, the cyto- 
plasm and tonoplast and mitochondrion of fiber 
cell, which showed that APase may be involved 
in the in situ autolysis of cytoplasm, and the 
disintegration of tonoplast and mitochondrion 
(Wang etal., 1999). Evidently, APase played a 
crucial role in the disintegration of protoplast 


during fiber PCD. 
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